INTRODUCTION
Surfactants are a class of molecules of prime importance in industry considering their numerous applications as detergents, foaming agents or emulsifiers in cosmetics, cleaning, textile or agrochemical formulations to mention but a few 1 6 . Oil-soluble surfactants share a common molecular architecture composed of a polar head hydrophilic and a nonpolar tail hydrophobic / lipophilic, typically a long hydrocarbon chain C12-C20 and are conveniently classified according to the nature of the polar head 7 . Four main classes are usually considered and known as anionic surfactants negatively charged polar head group , cationic surfactants positively charged polar head group , amphoteric surfactants both positive and negative charges borne by the polar head group and non-ionic surfactants neutral polar head group . The latter have increased their market share in the last decades and are now a non-negligible part of the total surfactant production worldwide 1 . Non-ionic surfactants are found in a large variety of pharmaceuticals and cosmetics thanks to their low toxicity and good compatibility with other components of complex formulations. Among the most widely used non-ionic surfactants, ethoxylated chemicals formed upon the polycondensation of ethylene oxide on a polar group e.g. alcohol, amine are prominent and referred to as poly ethylene oxide -like surfactants PEO-like, the PEO chain acting as the polar head . A typical example is the so-called ethoxylated hydrogenated or pristine castor oil 8, 9 . Castor oil CO is a valuable seed oil extracted from the seeds of Ricinus communis vernacular name: castor oil plant and usually described as a triglyceride of ricinoleic acid i.e. ester of glycerol and ricinoleic acid, C 18 H 34 O 3 , 298 Da, also known as 12-hydroxystearic acid . Several applications have been reported for CO such as the formulation of polyurethanes 10 16 similarly to its bio-based congeners extracted from plants e.g. cardanol . The hydroxyl group -OH carried by the 12 th carbon and the unsaturation between the 9 th and 10 th carbon atoms of the C18 chain makes ricinoleic acid unique among fatty acids as a tremendous platform for additional chemical functionalizations. The hydrogenated CO HCO, also known as castor wax is produced by the hydrogenation of the ricinoleate moieties to produce a hydrogenated ricinoleic acid, C 18 H 36 O 3 , 300 Da and typically used in cosmetics and lubricants. The ethoxylation of HCO finally leads to a so-called ethoxylated hydrogenated castor oil noted EHCO, also known as hydrogenated castor oil ethoxylate, poly ethylene glycol hydrogenated castor oil, polyoxoethylene hardened castor oil, polyoxoethylene hydrogenated castor oil or castor wax ethoxylate used as an emuslifier, solubilizer or lubricant 17 . CO, HCO and ethoxylated castor oil ECO, no hydrogenation of the unsaturations have been extensively described using a great variety of analytical techniques 18 24 while EHCO has not been extensively characterized so far. Relying on the capabilities the matrix assisted laser desorption ionization MALDI high-resolution HR mass spectrometry MS analysis for the thorough analysis of polymers 25 , the present article deals with the characterization of a EHCO sample by combining a MALDI-HRMS step with a newly introduced high-resolution Kendrick mass defect analysis HRKMD . A HRKMD analysis is based on the use of a fraction of the repeat unit of a polymeric backbone repeat unit /X with X being a positive integer 26 28 instead of the repeat unit itself as traditionally done for the regular KMD analysis of polymer ions 29 32 . Such a fractional base unit has been found to greatly amplify the variations of KMD e.g. between isotopes from the isotope distribution of a given oligomer or between components of a blend , producing a so-called high-resolution KMD plot and constituting a breakthrough in the data mining of mass spectral data using the KMD analysis. Its combination with a direct MALDI-HRMS analysis is proposed here for a rapid but complete screening of complex samples such as EHCO.
Being implemented for the characterization of surfactants for the first time, a simpler PEO monostearate sample 33 35 also known as poly ethylene glycol stearate, PEG stearate, polyoxoethylene stearate is used as a reference sample to check at the capability of the strategy prior to its application for a notoriously complex EHCO.
The representativeness of a direct MALDI-HRMS / HRKMD analysis is also validated by comparing the so-obtained data with alternative ion sources namely electrospray and fractionation of the sample by size exclusion chromatography SEC , liquid adsorption chromatography LAC 36 , liquid chromatography at the critical condition LCCC 37 39 and ion mobility IM 40 . Exemplifying its sofound high capabilities, MALDI-HRMS / HRKMD is finally extended for the rapid analysis of the aged PEO monostearate and EHCO after their hydrolytic degradation, the stability of surfactants and their degradation products being of top importance for the formulation of safe and ecofriendly finished products for every application. The research plan is summed up in Fig. 1 which also provides very schematic representations of the analytical techniques used in this study to highlight their principles.
MATERIALS AND METHODS

Chemicals and degradation procedure
An extended Materials and Methods section is available in the Supporting Information for experimental details about ESI-MS and multistage MS ESI-MS n , LAC-MS,
LCCC-MS and IM-MS.
Trans-2-3-4-tert-butylphenyl -2-methyl-2-propenylidene -malononitrile known as DCTB was from Tokyo Chemical Industry Co., Ltd TCI, Tokyo, Japan . PEO monostearate , EHCO 10 EO further noted EHCO for the sake of simplicity and chloroform CHCl 3 were purchased from Wako Pure Chemical Industries Osaka, Japan . Chemicals were used as received without purification.
For the degradation tests, stable emulsions of PEO monostearate and EHCO at 1 mg mL 1 were prepared in phosphate buffers at pH 7.00 and let to react at 40 using a thermostated-controlled device in static mode no agitation . Samples were recovered after 15 days of ageing.
Size exclusion chromatography
Size exclusion chromatography SEC fractionations were performed using a HLC8220 GPC system Tosoh, Tokyo, Japan equipped with a refractive index detector RID . Separation was carried out using two TSKgel multipore H XL -M columns 7.8 mm 300 mm connected in series following a multipore Hxl guard column. CHCl 3 was used as the mobile phase at a 1 mL min 1 flow rate. Surfactants were dissolved in CHCl 3 at 2 mg mL 1 , filtered using Millex syringe-driven filter units Merck Millipore, Carrigtwohill, Ireland and 200 μL of the so-formed solution were injected for the SEC elutions. The fractionation was done by collecting aliquots of 0.5 mL 30 seconds into vials directly after the RID further allowed to air dry for a couple of hours. Following this re-concentration procedure, the sensitivity of the mass spectrometer allowed satisfactory mass spectra to be recorded from one single analytical SEC run only.
Mass spectrometry
The MALDI mass spectra of the pristine and aged surfactants were recorded using a JMS-S3000 SpiralTOF mass spectrometer 41 42 . Data points have been peak-picked from the mass spectra using an automated procedure implemented in mMass with no deisotoping and a relative intensity threshold set at 0.5 .
Kendrick mass defect analysis
The measured mass-to-charge ratios m/z were converted to Kendrick masses KMs , nominal Kendrick masses NKMs and Kendrick masses defects KMDs using a fraction of the ethylene oxide repeat unit as the base unit according to: KMD NKM-KM with round being the nearest integer function and X being a positive integer X 1 for a regular KMD analysis 29 32 , X 43, 45 and 87 for a HRKMD analysis 26 28 . A corrected nominal Kendrick mass value CNKM was finally considered to prevent any shift of the KMD plot and calculated as follows:
with ceiling x the smallest integer greater than or equal to x. A KMD plot displays the KMD of the oligomeric adducts as a function of their CNKM using a bubble chart where each disk expresses a data triplet CNKM, KMD, abundance 26 32 . Full scale will be used throughout the text to designate a KMD plot with KMD ranging from 0.5 to 0.5, its minimum and maximum values by definition.
RESULTS AND DISCUSSION
3.1 MALDI-HRMS / HRKMD analysis of PEO monostearate A relatively simple PEO monostearate sample has been characterized first as a proof of principle of the methodology combining a MALDI-HRMS and a HRKMD analyses. A representative MALDI mass spectrum is depicted in Fig. 2A and displays a set of PEO distributions consecutive oligomers spaced by 44.0262 Da, i.e. EO unit centered around 2000 Da in accordance with the 40 EO content mentioned by the supplier. Looking closer insets in Fig. 2A left , six main distributions are detected thanks to the high resolving power of the SpiralTOF mass analyzer 41 . Rather than a time consuming exploration of the mass spectrum through a manual assignment peak by peak but relying on the simulation of KMD readily computed from a generic composition, assignments of ion series is done far more easily using a KMD plot. In particular, since the distribution in terms of EO units is turned into a single horizontal line in a EO-based KMD plot, simulating one KMD value is enough to assign all the peaks of a given PEO ion series. A regular KMD plot computed with EO as the base unit is depicted in Fig. 2B and displays three main clouds of points lining up horizontally. A first line at KMD 0.02 in the low NKM range is assigned to a H, OH -ended PEO series i.e. unreacted poly ethylene glycol and noted 1 , based on the KMD value and further confirmed by the accurate mass measurements Table S1 , Supporting Information . The expected monostearate H, stearate -PEO series is detected in the medium NKM range at KMD 0.07 noted 2a , supposedly formed upon the mono-esterification of a H, OH -PEO chain by one stearic acid moiety octadecanoic acid C18, inset in Fig. 2A right . If H, OH -PEO is the residual reagent for a monocapping reaction, a stea- rate, stearate -PEO by-product formed upon its di-esterification is also observed in the high NKM range at KMD 0.17 and noted 3a. Back to the mass spectrum, the need for a high-resolution mass analyzer is exemplified with the differentiation between 2a and 3a : 13 Fig. 2A left . Distinguishing the degree of esterification is thus done at first sight in the KMD plot at full scale but a magnification of the KMD plot insets in Fig. 2B is required to reveal three other distributions assigned to a mono-esterified H, palmitate -PEO and di-esterified palmitate, stearate -PEO and palmitate, palmitate -PEO noted 2b, 3b and 3c, respectively limited variation of KMD: 2a vs. 2b , ΔKMD 0.0146 . In addition to H, OH -PEO and stearic acid, palmitic acid hexadecanoic acid C16, inset in Fig. 2A right has thus been used in the preparation of this non-ionic surfactant as an unexpected secondary reagent.
The nature of the fatty acids stearic acid C18 and palmitic acid C16 and the mono-esterification have been validated by ESI-MS 2 and MS 3 , respectively Fig. S1 . However, the regular KMD plot is not optimal owing to 1 the absence of isotopic resolution and b a poor distinction of the three di-esterified series 3a-c . The finite resolution / mass accuracy of the MS analysis and the intrinsically low variations of the KMD values accounts for the fuzzy appearance and a limited resolving power of the KMD plot, respectively. To overcome this pitfall, the concept of a fractional base unit has been introduced very recently. Instead of using a molecule or part of a molecule as the base unit for the calculation of Kendrick masses i.e. base transformation from the IUPAC mass scale to a new Kendrick mass scale such as -CH 2 -in the original method proposed by Kendrick 43 or a repeat unit of a polymeric backbone in its modified form 29 , a fraction of the repeat unit repeat unit /X with X being an integer is proposed as a chemically senseless but mathematically acceptable base unit 26 . This mathematical trick dramatically amplifies the variation of KMD values and improves the resolution of the KMD plots without interfering with the basics of a KMD analysis such as the point alignments of homologue ions horizontal or oblique . This new high-resolution KMD analysis is readily done manually using a regular spreadsheet software cf. Experimental Section or automatically using the associated option now commercially available in dedicated softwares Mass Mountaineer, RBC software, Portsmouth, NH . The HRKMD plot computed with a fractional EO/45 as the base unit Fig. 2C displays 6 main clouds of points readily assigned at full scale with no need for magnification. With the expansion of the KMD dimension using a fractional base unit, the variation of KMD between a H, stearate -PEO oligomer 2a and a H, palmitate -PEO oligomer 2b is now 0.3487 gain of resolution: x24 . Thanks to the improvement of resolution, an additional distribution is also barely seen between 1 and 3b and assigned to a monoesterified H, myristate -PEO series tetradecanoic acid C14, known as myristic acid . Such a side-product is detected in the MALDI mass spectrum with very low intensity 1 , Table S1 and is more easily visualized in a KMD plot. Finally, the HRKMD plot is isotopically resolved at full scale allowing a selection of monoisotopic peaks only in a so-called grouping mode i.e. recovering the peaks in a mass spectrum from the points in a KMD plot using an appropriate software such as msRepeatFinder, JEOL .
3.2 Versatility of a HRKMD analysis: point alignments vs. separation In spite of an indubitable improvement of the visualization, the series 1 and 3c are found at almost the same KMD value owing to the aliasing of the KMD plot 26 28 and are differentiated mainly by the difference of their NKM Fig. 2C . Such overlapping is more pronounced for the KMD plots computed with EO/45 from the SEC-MALDI mass spectral data Fig. 3 , top as the mass range is restricted by the SEC fractionation Fig. S2 , Supporting Information . The choice of X 45 as a divisor for the computation of a high-resolution plot relies on a mathematical rationale proposed elsewhere 28 . A divisor X close to the nominal mass of the repeat unit round repeat unit , e.g. 44 for EO offers indeed a controlled gain of resolution through a limited expansion of the KMD dimension. It has Fig. 3 HRKMD plots been also stated that a divisor set at twice the nominal mass of the repeat unit 2*round repeat unit , e.g. 88 for EO leads to poorer point alignments owing to the accumulation of errors but increases the quality of separation. The KMD plots computed with EO/87 as the base units are depicted in Fig. 3 bottom . The point alignments are clearly degraded fuzzier appearance and absence of clear isotopic resolution but the separation between the ion series 1 and 3c is improved with no overlapping in spite of a similar mass range. The six point clouds are now isolated at full scale in terms of NKM and KMD. It highlights the versatility of this newly introduced HRKMD analysis computed with a fractional base unit as the divisor could be adjusted depending on the requirements such as a perfect point alignment, the isotopic resolution or the discrimination of components in blend.
Representativeness of a direct MALDI-HRMS / HRK-MD analysis
Several attempts of sample fractionation relying on a the size of the analytes in solution namely LC in SEC mode 44 , b the end-groups of the analytes namely LC in adsorption mode LAC or at the critical condition LCCC 37 39 and c the shape of the analytes in the gas phase IM 40 as well as alternative ionization mode namely ESI have been conducted to check at the representativeness of the direct MALDI-MS results reported above and interpreted with a HRKMD analysis. In spite of a size-based separation process with no chemical interaction with the stationary phase, the SEC-MALDI-MS analysis of PEO monostearate Fig. S2 becomes an end-group profiling technique with the sequential detection of the distributions 1 , 2 and 3 in the reverse order of elution from low to high mass range . Interestingly, the same distributions mainly mono-and di-esterified series 2 and 3 are detected with two maxima at 2500 Da and 3500 Da in the first fraction of high mass range Fig. S2E . With the detection of the distribution 1 at 2800 Da, such a bimodal shape might arise from a contamination by another grade of PEO monostearate with longer PEO chains e.g. 65 or 70 EO during the elaboration of the chemical at the factory. With no consideration for the variation of intensities, all the species found sequentially in a SEC-MALDI-MS analysis have been detected in the sufficiently robust direct MALDI-MS analysis.
Similarly, the ESI mass spectrum of PEO monostearate is depicted in Fig. S3 and displays the same distributions 1 to 3 at 2 and 3 charge states. A strong suppression of signal is nevertheless observed with the dominion of polar species mainly H, OH -PEO, 1 detrimentally to the di-esterified chains 3a -3c . A MALDI-MS analysis is more robust towards such polar/apolar discrimination without the absolute need for a preliminary LC fractionation. A rapid screening of chromatography conditions led to the LCCC-MS profile at the critical adsorption point of EO 45 depicted in Fig. S4 . The polar distribution 1 and the mono-esterified H, myristate , 2b and 2a are detected with satisfactory intensities in that order of elution on a reversed-phase column followed by the most apolar di-esterified series 3c-a with no other components, validating the composition proposed from the direct MALDI-MS analysis. A last way to fractionate the sample has been conducted by IM-MS. All the six distributions 1 , 2a, 2b and 3a-c are extracted from the full mobilogram depicted in Fig. S5 with a strong signal suppression effect ESI ion source with no preliminary fractionation . A restricted mobilogram Fig. S6 displays three sets of spots readily assigned to 1 , 2a and 3a doubly charged species. If the mobility dimension offers an alternative way to highlight the occurrence of these compounds by deconvoluting the overlapped peaks Fig. 2A , the resolution of the spiralTOF mass analyzer is high enough to separate these components by their m/z values only without the absolute need for an orthogonal separation step. In other words and in spite of the inherent richness of the sample, a direct MAL-DI-MS analysis combined with a HR-KMD analysis is sufficiently free of bias to provide a complete overview of the PEO monosterate sample. The same analytical strategy has been consequently employed to characterize the more complex ethoxylated hydrogenated castor oil EHCO sample.
MALDI-MS / HRKMD analyses of EHCO
The MALDI mass spectrum of EHCO with a degree of ethoxylation of ten i.e. 10 EO units as mentioned by the supplier is depicted in Fig. 4A . A set of five main groups of peaks themselves composed of approximatively 10-14 peaks spaced by 44.0262 Da EO unit are readily seen. Relying on the mass accuracy of the spiralTOF analyzer, two peaks from two groups are spaced by a generic x*44.0262 y*282.2559 Da mass difference, i.e. x EO units and y dehydrated hydrogenated ricinoleic acid moieties C 18 H 34 O 2 , -H 2 O as compared to the hydrogenated ricinoleic acid C 18 H 36 O 3 . The latter neutral corresponds to a hydrogenated ricinoleic acid moiety involved in an ester bond such as the end-group of a PEO chain. Considering this varying number of EO and hydrogenated ricinoleate, a simplified notation x, y is proposed and exemplified in Fig.  4A with peaks carrying 10 EO units x 10 and a varying number of hydrogenated ricinoleate moieties y. For example, the sodiated x 10, y 0 species at m/z 555.3 is composed of a glycerol initiating end group, 10 EO units and a -OH terminating end-group while a x 10, y 2 sodium adduct at m/z 1119.8 contains two hydrogenated ricinoleate in its backbone. The main peaks detected in the mass spectrum of EHCO can thus been described as cooligomers of EO and hydrogenated ricinoleate carrying glycerol, OH terminations and the corresponding diblock copolymeric structure is depicted in inset in Fig. 4A simplified structure derived from the triglyceride structure proposed in the literature . Accurate mass measurements, assignments and KMDs are listed in Table S2 in the Supporting Information.
As for the PEO monostearate sample, a description of the raw mass spectral data is tedious and could be greatly facilitated using a KMD analysis. The regular KMD plot computed with EO as the base unit is depicted in Fig. 4B . The five main groups of points detected in the mass spectrum are now seen as five horizontal lines discriminating the species based on the number of fatty acid moieties y 0-4 . A magnification of two point clouds reveals a more complex pattern with several sets of horizontal lines arising from several by-products. Owing to the need for zooming, points are barely align along the horizontal axis imperfect calibration , several groups of points are not properly separated low variation of KMD and the isotopic resolution is not reached.
Computing a HRKMD plot with EO/43 as the base unit dramatically improves the resolution and corrects all the bias mentioned above Fig. 4C . In addition to the x, y ion series with y 0-4, several point clouds are now properly highlighted and assigned to polyglycerol polyricinoleate side products 23 formally x, y 0-3 glycerol, noted a-d and stearate-containing byproducts formally x, y 0-2 stearate, noted g-i . As for PEO monostearate , using a fractional base unit with a divisor set close to the nominal mass of the repeat unit expands the KMD dimension in a controlled manner and ion series are satisfactorily separated y 1 vs. y 0 stearate: ΔKMD 0.0146 with EO and ΔKMD 0.3779 with EO/43, gain of resolution x26 . Two additional ion series are also isolated in the low NKM range and assigned to a H, OH -PEO and a glycerolfree H, hydrogenated ricinoleate -PEO noted H, y 1 in Fig. 4C . It is noteworthy that H, OH -PEO and x, y 0 ion series have nearly the same mass defect at 0.0245 and 0.0318, ΔKMD 0.0073 and cannot be isolated in a regular KMD plot regardless of the magnification, requiring a HRKMD analysis to be separated ΔKMD 0.3111 .
The generic structure depicted in Fig. 4A is supported by the ESI tandem mass spectra recorded from the x 10, y congeners with y 1-5 Fig. S7 . In particular, several hydrogenated ricinoleate moieties are highly suspected to be linked via covalent bonds in a block shape rather than distributed. Such description surprisingly departs from the triglyceride structure expected for the castor oil up to three esters of fatty acids 18 24 but is in accordance with previous results indicating the presence of supernumerary fatty acid moieties 19 and structural defects such as glycerol-free chains and ricinoleate-ricinoleate bonds 17 . Similarly, the PEO chain is not distributed between glycerol and the fatty acid moieties neutrals expelled in tandem mass spectra would contain a varying number of EO units but consists of a block schematized by a glycerol-PEO-fatty acid y -OH generic structure. Echoing the strategy reported for PEO monostearate and since a direct MALDI-MS analysis of castor oil sample might be oversimplified in terms of detected species, a set of orthogonal fractionation techniques has been used to check at the representativeness of the MALDI-HRMS / HRKMD analysis. A fractionation of species based on their content in hydrogenated ricinoleate is achieved by SEC-MALDI-MS with the detection of x, y 0 , x, y 1 , x, y 2-4 , x, y 3-7 , x, y 6-11 and x, y 9-14 in the reverse order of elution Fig.  S8 . The ESI mass spectrum of EHCO Fig. S9 displays the distributions x, y 0-2 highlighting once more a strong suppression of signal detrimentally to the hydrogenated ricinoleate-rich species y 2 . The x, y 4-0 are detected in that order of elution in the LC-MS profile LAC mode on a normal phase column, Fig. S10 . The H, OH -PEO distribution detected as a major component in the late elution times between x, y 1 and x, y 0 was nevertheless already highlighted in the MALDI-HRMS/HRKMD analysis thanks to the gain of resolution offered by the fractional base units. The last fractionation of the sample by ESI-IM is also subjected to a strong suppression of the signal for the most apolar species with the detection of x, y 0-2 as the main series in addition to the H, OH -PEO distribution in a full mobilogram Fig. S11 . A restricted mobilogram centered around x 10, y 2 at m/z 1119
Fig. S12 displays three spots assigned to three isomeric forms same m/z, different drift time different shape in the gas phase . Three MS/MS fingerprints in the IM tandem mass spectra confirm the presence of isomers behind a single m/z e.g. position of the two hydrogenated ricinoleate as end-groups or within a glycerol-PEO backbone . If each of these techniques provide complimentary information about EHCO, all the species above-mentioned have been observed in the direct MALDI HRMS analysis combined with a HRKMD analysis, exemplifying once more the capability of such analytical strategy for the characterization of complex samples. As for PEO monostearate , using a divisor set at 87 in lieu of 43 further improves the resolution of the KMD analysis Fig. 5 . Eighteen ion series are highlighted in the HRKMD plots computed with EO/43 from two SEC-MALDI mass spectra Fig. S8 belonging to the main three classes x, y 1-7 , x, y 0-5 glycerol noted a-f and x, y 0-6 stearate noted g-l Fig. 5 , top . Computed with EO/87, the separation of these eighteen groups is improved and also allows the assignment of four additional ion series described as a generic x, y 2-5 glycerol stearate noted m-p . Following a thorough analysis of the two pristine non-ionic surfactants, such an unrivaled tool for the data mining of rich mass spectral data could be safely used for the characterization of aged samples whose complexity might be increased by the degradation step.
HRKMD analysis of degraded surfactants
The MALDI mass spectrum of a PEO monostearate sample let to react for 15 days in a phosphate buffer is depicted in Fig. 6A . At first sight, the H, OH -PEO series 1 is noteworthy of higher intensity and several peaks are detected in the low mass range but the whole fingerprint does not strikingly depart from its pristine counterpart Fig. 2A . Instead of a tedious description of the mass spectrum with the need for multiple magnifications but relying on the enhanced visualization offered by a KMD analysis, the HRKMD plot of the aged sample computed with EO/45 is proposed in Fig. 6B and clearly differs from the KMD plot of the unaged sample Fig. 2C . Three main features are readily observed and attributed to two ageing routes. First and as mentioned, the intensity of the H, OH -PEO 1 is noteworthy increased and might be accounted for by the expected hydrolytic degradation of the series 2 and 3 via the cleavage of the ester bond ably improved as compared to a regular KMD plot computed with EO Fig. S13 , Supporting Information . In addition to the pristine series 1-3 , distributions assigned to an aldehyde-ended and a carboxylic ended-PEO and carrying either the unreacted -OH end-group noted 1 -CH 2 COH and 1 -CH 2 COOH or one untouched fatty acid and noted 2a -or 2b -CH 2 COH and 2a -or 2b -CH 2 COOH are readily isolated. Two last series assigned to an oxidized PEO chain carrying a supernumerary O group are observed from 1 and 2b and noted 1 -OH and 2b -OH confirming an oxidative route occurred during the degradation test. Relying on the literature, end-groups of the PEO distributions are foreseeable and the associated KMD values are simulated accordingly. Point lines in the KMD plots are thus readily assigned with no need for a manual and time-consuming peak-picking in the raw mass spectrum. Accurate mass measurements, assignments and KMDs are listed in Table S3 . In spite of the richness of the degraded sample, the KMD analysis in its high-resolution form thus provides valuable information, an indubitable enhanced visualization of data and a great saving of time by simply comparing the KMD plots Fig. 2C and Fig. 6B .
Interestingly, the pristine PEO monostearate sample has been proposed as a model for the implementation of the analytical strategy relying on its relative simplicity compared to the complexity of EHCO. However, the aged PEO monostearate has been found of greater complexity with the occurrence of two competitive degradation route while the fingerprint of a degraded EHCO sample Fig. 7 appears dramatically simpler. The MALDI mass spectrum of a 15-day aged EHCO in a phosphate buffer at 40 is depicted in Fig. 7A and displays a reduced number of distributions as compared to its pristine counterpart Fig. 4A . This impression is confirmed by the HRKMD plot computed with EO/43 which displays only the low molecular weight distributions described from Fig. 4B carrying only one, two or no hydrogenated ricinoleate moieties x, y 0-3 Fig.  7B . Such fingerprint is undoubtedly arising from a hydrolytic degradation of the surfactant through the cleavage of the ester bond Fig. 7C 46 . Accurate mass measurements, assignments and KMDs are listed in Table S4 . As a last digression, the fingerprint of the degraded sample also tends to validate the generic structure proposed in the previous section and consisting in a PEO block capped with a glycerol moiety as the initiating endgroup and a varying number of fatty acids linked to each other in a second block inset in Fig. 4A . It then turns the degradation step into another analytical tool to gain structural insights into the intact sample as proposed in previous articles for the unravelling of complex polymeric networks 49, 50 . 
CONCLUSION
A demonstration of the capabilities of a combined MAL-DI-HRMS / HRKMD analysis is reported with a detailed characterization of pristine and aged non-ionic PEO-based surfactants, sufficiently free of bias to provide a complete overview of the samples as compared to orthogonal analytical techniques alternative ionization, fractionations . In particular, a HRKMD analysis strikingly improved the visualization and interpretation of data and avoided a tedious and time-consuming peak assignment of complex mass spectra. A surprising reversal of the situation has also been found in terms of complexity of the samples. The relatively simple PEO monostearate has been used as a reference sample for the analysis of a more complex castor oil derivative. Upon ageing, the castor oil sample has been found to undergo a hydrolytic degradation only with a simple MS and KMD fingerprint while additional oxidative chain scission routes were identified for PEO monostearate from its complex mass spectra and KMD plots. This first application of HRKMD on actual samples is presaging a bright future for this data mining tool. It is expected to become of routine usage for an enhanced visualization and easy interpretation of mass spectral data thanks to its recent incorporation in commercially available softwares. More complex surfactants other bio-based reactants, ionic surfactants , full formulations of final products cosmetics, detergents or samples submitted to other ageing routes chemolysis, thermo-oxidation, UV would be advantageously investigated using the MALDI-HRMS / HRKMD combination to further exemplify the robustness of the method.
